We present a new study of magnetic structures with controllable effective exchange energy for Josephson switches and memory. As a basis for a weak link we propose to use a periodic structure comprised of ferromagnetic (F) layers spaced by thin superconductors (s). Our calculations based on Usadel equations show that switching from parallel (P) to antiparallel (AP) alignment of neighboring F layers can lead to a significant enhancement of the critical current through the junction. To control magnetic alignment we propose to use periodic system where unit cell is a pseudo spin-valve F1/s/F2/s with F1 and F2 two magnetic layers having different coercive fields. In order to check feasibility of controllable switching between AP and P states through the whole periodic structure we prepared a superlattice [Co(1.5nm)/Nb(8nm)/Co(2.5nm)/Nb(8nm)]6 between two superconducting layers of Nb(25nm). Neutron scattering showed that parallel and antiparallel alignment can be organized by using of magnetic fields of only several tens of Oersted.
Superconductor digital devices attract growing attention due to unique energy efficiency and performance, and also due to compatibility with a number of quantum computers under development [1] . However the lack of cryogenic memory elements with fast enough switching between stable states, small enough energy dissipation in the process, is still the main obstacle in the field. A use of competition and coexistence of superconducting (S) and ferromagnetic (F) correlations promises an increase in the degree of integration for cryogenic memory storage devices [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Some of these interesting implementations requires a Josephson contact with two stable states: a high value of the critical current, I C , corresponds to the "open" state and a low value -to the "closed" state. Such a device can be organized if a weak link is a composite F/N/F trilayer (N is a normal metal) which magnetic state can be switched between parallel and antiparallel directions of magnetization vector of the F layers [4] .
Use of a thin superconducting layer (s) as a spacer instead of a N layer may lead to enhancement of the spin valve effect due to proximity of the thick superconductor banks and the thin superconductor spacers (see, e.g. [5] ). To check this hypothesis we calculated critical current of S/F/s/F/S and S/F/N/F/S Josephson junctions (Fig. 1) . The calculations were performed in the frame of Usadel equations [11] with Kupriyanov-Lukichev conditions [12] for parallel (P) and antiparallel (AP) orientations of F films magnetization vector, M. Fig. 1(a) and (b) show I C dependence on reduced thickness of a spacer, d s /ξ S , and temperature, T /T C . Here T C is the critical temperature of the S electrodes and the s layer * Electronic mail: y.khaydukov@fkf.mpg.de
1/2 is a superconducting correlation length and D S is a diffusion coefficient. The calculations were performed for thickness of the F films d F 1 = 0.1ξ F and d F 2 = 0.15ξ F , suppression parameters at the S/F and s/F interfaces, γ B = RA/ξ S ρ S = 0.3, and exchange energy, E ex = 10T C . For simplicity, we assumed that ξ S = ξ F and ρ S = ρ F .
As it follows from Fig. 1 the existence of intrinsic superconductivity of the spacer significantly increases I C of the S/F/s/F/S comparing to S/F/N/F/S junction. The effect can be essentially enhanced in S/[F/s] n /F/S Josephson devices with the superlattice in the weak link region. The use of a multilayer structure has several advantages. In it, thanks to the collective effect of maintaining the superconducting state in spacers, it is possible to use more thinner s layers. The thinning of the layers should be accompanied by a decrease in effective exchange energy due to its renormalization [13, 14] . Moreover, for the AP orientation of the magnetization vectors of the F layers, another additional mechanism arises for the renormalization of the effective exchange energy, which leads to its further decrease [15] [16] [17] .
To prove these statements, we have generalized the S/[F/N] n model [17] to the case of the existence of intrinsic superconductivity in its non-ferromagnetic parts. To make the model more realistic we consider a case of a periodic pseudo spin-valve structure. In it two neighboring F layers have slightly different thicknesses d F 1 and d F 2 (see inset in Fig. 2b) . The difference in the thicknesses of the F 1 and F 2 layers provides a difference of their coercive fields H c1 = H c2 which allows to organize AP state in the range of magnetic fields, H, max(H c1 , H c2 ) >H >min(H c1 , H c2 ) after saturation of the layers magnetizations in negative direction. . The red lines correspond to the case when the exchange energy in both layers of the ferromagnet is equal in magnitude, and the magnetization vectors lying in the plane of the magnetic layers are parallel (P). The blue lines are for the case when the exchange energy, Eex, in both F-layers is equal, and the described magnetization vectors are antiparallel (AP). The black curves correspond to the Eex =0 case.
S/[F 1 /s/F 2 /s ] n /F 1 /S structure for the P and AP alignments. The calculations were performed for the same set of parameters as in Fig.1 . From Fig. 2a it follows that the considered structure is a series connection of s/F 1 /s and s/F 2 /s Josephson junctions with the weakest place located in the middle of the structure. Figure 2(b) shows the amplitudes of the order parameter, δ P , and δ AP , (see the definition of δ P and δ AP in Fig.2a ) in the middle of the weak link as a function of s layers thickness. One can see that the amplitudes for AP and P configurations are significantly different for d s ∼ ξ S . As soon as I C is proportional to the product of order parameters amplitude of the s banks, one may estimate that the ratio of I C for AP orientation to that for P one is of the order of (δ AP /δ P ) 2 ≈ 25. From Fig. 2b it follows that such the enhancement depends on the ration d s /ξ S and achieves maximum in the vicinity of d s = ξ S .
Realization of the proposed above S/[F 1 /s/F 2 /s] n /F 1 /S Josephson devices requires the development of a technology for manufacturing of multilayer structures that satisfy the following conditions: (a) presence of superconductivity in the s layers with T C 4.2K, (b) in plane orientation of magnetization vector in the F films, (c) ability for coherent switching between P and AP configurations through the whole stack. The goal of this paper is to demonstrate that the requirements can be met when using combination of Nb and Co as materials for the superlattice. To do this we fabricate Nb(25nm)/[Co(1.5nm)/Nb(8nm)/Co(2.5nm)/Nb(8nm)] 6 /Co(1.5nm)/Nb(25nm) structure. We take niobium as a superconducting material since it has the highest T C = 9.25 K among all elemental superconductors and forms stable structures with cobalt [18] [19] [20] [21] [22] [23] . Thickness of the Nb-spacer was chosen to be close to ξ S ≈ 6 − 10nm, the value have been found in our prior studies [24, 25] . Thickness of the Co layers were in the range of ξ F ∼ 1 nm [23] , which is enough to form homogeneous and magnetic layer [18] .
The sample was prepared using Leybold Z-400 magnetron machine at room temperature on a R-plane oriented sapphire (Al 2 O 3 ) substrate. Before the deposition the substrates were etched by argon ion beam inside the chamber. Targets of Nb(99.99%) and Co(99.99%) were presputtered for cleaning from metalic oxides and contaminations absorbed by surfaces. Additionally, immediately before deposition of the next layer we presputtered the corresponding target during 40-50 seconds for stabilisation of the film growth rate. The deposition was performed in a pure argon atmosphere (99.999% purity) at working pressure of 8× 10 −3 mBar. The thickness of the films was controlled by the time of deposition of the material on the substrate. For high repeatability of thicknesses of thin Nb films, an electrical motor was used to move the target above the substrate at an equal speed thus, the thickness of the niobium layer remains the same for each of the periods of the structure. The growth film rate is 1 nm/s and 0.1 nm/s for Nb and Co respectively. After the deposition the structure was capped by a silicon layer.
In order to characterize structural and magnetic ordering of the Co/Nb superlattice we have performed neutron small angle diffractometry (reflectometry). Measurements were conducted at the neutron reflectometer NREX at the research reactor FRM-2 (Munich, Germany). Neutron reflectivities were taken with a monochromatic polarized neutron beam with wavelength λ =0.43 nm at a temperature T =13K with magnetic field applied in-plane of the structure and normal to the scattering plane. Fig.3(a) shows reflectivities measured at saturation (H=300 Oe) and in magnetic field H = 30 Oe after magnetization of the sample in negative magnetic field of H=-4.5 kOe. The curves at saturated state are characterized by the strong peaks at the positions Q j ≈ j× 0.63 nm −1 (j=1,2,3). These peaks correspond to the Bragg reflection from the period D = 2π/Q 1 ≈ 10 nm. This means we can effectively consider our structure as [Co(2nm)/Nb(8nm)] 12 with ∼ 20 % variation of the F layer thickness. The reflectivity pattern at H = 30 Oe strongly differs from the saturated state. First of all we can see the appearance of non-integer peaks j/2 which directly evidence the doubling of magnetic period at this field [26] [27] [28] [29] [30] . The small difference of R + and R − peaks speak about compensation of magnetic moments of neighboring Co layers, e.g. antiparallel alignment. Figure 3(b) shows the field evolution of the 1/2 peak. One can see that the AP alignment exists in the range of magnetic fields H = (10-30) Oe if the sample was firstly magnetized in negative direction. Moreover once the AP state is created the field can be released to zero and the alignment will be saved. The P-alignment can be also organized at zero field if the sample was saturated before in positive field.
An important question is the lateral homogeneity of the obtained magnetic configurations. So the systems with exchange coupling of F layers through N spacers are characterized by laterally non-homogeneous AP state. This domain state can be directly evidenced in neutron experiment as strong off-specular scattering in the vicinity of 1/2 peak [26] [27] [28] . In our case we have not observed strong increase of the diffuse scattering intensity in the AP state ( Fig.3(d) ) comparing to the saturation (Fig.3(c) ).
In a periodic pseudo spin-valve structures one can not exclude the situation of non coherent switching of the F layers. Such a stacking fault in the antiferromagnetically aligned system may lead to the suppression or even destruction of the spin-valve effect. Our simulations show (Fig.4) that presence of two ferromagnetically aligned neighboring Co layers in the middle of AP aligned lattice would lead to the significant suppression of the 1/2 peak down to R(Q 1/2 ) ∼ 2 -4% and appearance of its polarization (R + = R − ). On the experiment, however, we saw much stronger 1/2 peak of R(Q 1/2 ) ∼ 10% intensity having almost no polarization, proving thus high coherence of the AP alignment through the whole stack.
In conclusion, we propose here to use as a memory element a Josephson junction where a weak link is comprised of periodic S/F structure which can be switched between AP and P states. In the frame of Usadel equations we show that critical current across the junction significantly depends on the magnetic state of the periodic structure. In order to switch between AP and P states we propose to use periodically repeated quadrolayer F 1 /s/F 2 /s where magnetic layers F 1 and F 2 have slightly different coercive field. In order to experimentally investigate the switching processes between P and AP states we sandwiched periodic structure [Co(1.5nm)/Nb(8nm)/Co(2.5nm)/Nb(8nm)]×6/ Co(1.5nm) between two Nb(25nm) electrodes. By the use of neutron reflectometry we have demonstrated that AP state can be organized and erased by applying field of 30 Oe.
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FIG. 4.
Model R + (black) and R − (red) reflectivity curves for the AP configuration. Solid lines show reflectivity curves for ideally AP aligned structure (see right inset) while dashed lines are for the structure with stacking fault in the middle of the structure (see left inset).
